Principles of Neural Design, written by Peter Sterling and Simon
Laughlin, is what I believe to be the fi rst book whose goal is to identify neurobiological design principles and to use them to understand brain structure and function. Although the principles identifi ed are brain-specifi c, they are usually motivated and explained by considering analogous principles used by engineers. And one of the great joys of the book is seeing how various aspects of neurobiology are illuminated by a detailed application of these principles.
I think I have detected a steady increase of interest -over the last two or three decades -in using theory to learn about the brain (indeed, about all biology), but most of this interest has expressed itself in modeling specifi c brain phenomena using artifi cial neural networks and in tool-making (software for sorting spikes, for example). A few papers have set as their goal the identifi cation of principles that go across brain areas and species, but these papers have generally discovered 'small' principles with somewhat narrow applicability. What is unique about the Sterling and Laughlin book is the authors' interest in identifying general principles that apply to virtually all brains and species. Surely, discovering the fundamental general principles of neurobiology should be the ultimate goal of theory.
Towards this goal, the book is organized around ten principles: compute with chemistry, compute directly with analog primitives, combine analog and pulsatile (spike) processing, sparsify, send only what information is needed for a particular job, use the lowest acceptable rate to transmit information (save resources), minimize wire, make neural components irreducibly small, R10 Current Biology 26, R1-R21, January 11, 2016 ©2016 Elsevier Ltd All rights reserved complicate (for example, bigger complex versus smaller simple brains), and anticipate-learn-forget. In certain cases, considerable background is needed and provided. For example, information theory is at the heart of several of the principles, and so how information is defi ned and how the theory is used is lucidly explained. Each of these principles is considered in detail, examples are given, and the principles are applied to a variety of specifi c neurobiological problems in considerable depth.
To illustrate the approach of the book, I offer a specifi c example of one of the ten principles: minimize wire. As the book explains, this idea was fi rst proposed by Cajal and re-discovered and applied, most notably by Cherniak and by Mitchison, starting about a quarter of a century ago. The basic idea is that the neuronal components that realize the brain's connectome should be arranged to make 'wire' -axons and dendrites -as short as possible for at least three reasons. First, 60% or more of the neuropil volume consists of wire, and so keeping wires as short as possible lets the brain pack in as much computational power in each microliter of neuropil as it can; the evolutionary winners are certainly those who can compute the most with the brain volume available. Second, because conduction delays are proportional to axon length, and attenuation of signals in passive dendrites is greater in longer dendrites, speed and accuracy of computations improve when wire is minimized. Finally, the metabolic cost of construction, operation, and maintenance of circuits is least when the wire length is least. For all of these reasons, the least wire that gets the job done is best in terms of computing most effi ciently and conserving resources.
Many features of brain structure and function are found to conform to this wire minimization principle, including the organization of neuropil (an optimal 3/5 of the volume of cortical neuropil is wire), the form of dendritic and axonal arbors, the arrangements of neurons in a circuit (cortical lamination, V1 pinwheels and ocular dominance columns), the organization of the brain into distinct areas (where most connections are to other neurons with the same function), and the arrangement of various areas across the cortex (so that the length of connections between them is minimized).
Among the strengths of this book for me is the fact that one of the authors has focused his research career on vertebrates and the other on invertebrates, but both share a deep interest in evolution and comparative neurobiology. Roughly half of the book deals with general questions: design principles used by engineers, how computations are done, why animalssmall and large -need brains, design of neurons and organization of brains, and the importance of anticipating, learning, and forgetting. The other half is mostly a detailed examination of how the principles are manifest in early parts of the insect and mammalian visual systems, and how effi cient circuits are designed.
What kinds of computation are needed by organisms? This question is answered by considering a range of organisms from single-celled bacteria and paramecia through multicellular worms, fl ies, and mammals (mouse to man). The three main exemplar animals are Caenorhabditis elegans (a brain with 302 neurons), the fruit fl y (10 5 neurons) and mouse (slightly fewer than 10 8 neurons), although illustrations are drawn as necessary from many different species, including us (10 11 neurons), to illustrate particular points. In each case, the demands placed on the organism by its lifetime duration, range, and environment are discussed to show how new demands are met by increasing computational complexity.
This book is the fi rst effort to systematically explore principles that govern the structure and function of brains but, as the authors stress, it is not intended to be the last word on how many principles there are or identifying which ones are most important. The ten principles that organize the book are certainly valid and useful in understanding the brain, but none of these principles come close to having the stature of a Law in physics. For example, none could be said to have the same sort of clarity, validity and range of applicability as Newton's three hundred and some year-old principle of universal gravitation. The dream of theorists in neurobiology is to begin to approach the predictive power of theories that are standard in physics, but it is still unclear when, or if, this dream might be realized.
Although this book is a landmark effort, its precise audience is a little unclear. When I fi rst started reading the book, I thought that it might be intended as a general survey of neuroscience that rationalized the usual treatment of this subject. I think such a text would be very valuable, both in teaching the material and instilling into students a more principled (sorry, no pun intended) approach to the fi eld. But the coverage of neurobiology is too narrow and too much knowledge is assumed for the book to serve this audience. I believe many graduate students, postdoctoral fellows, and professional neuroscientists will enjoy reading the book, particularly those whose interests overlap with Sterling and Laughlin, and others who know enough to simply enjoy a novel and intelligent treatment of many aspects of neuroscience.
I personally learned a lot reading the book. The authors have been thinking deeply about the issues discussed and it shows, the neurobiology is right upto-date, and the writing is artful, clear, and engaging. This book is a wonderful start for what will, I believe, become the standard way for conceptualizing neurobiology.
